Introduction
Noncovalent molecular interactions play a fundamental role throughout chemistry and biochemistry. The characterization of these interactions in terms of the stoichiometry and stability constants is central to understanding chemical and biochemical processes. 1 A variety of experimental techniques are available for investigating molecular interactions. Among the potential approaches is CE, which has evolved into a particular versatile tool, characterized by low reagent and sample consumption, relatively short analysis times, ease of automation, and the wide range of structures amendable to study without the need for immobilization or derivatization. The emergence of several affinity capillary electrophoretic formats, e.g. mobility shift affinity capillary electrophoresis (ACE), vacancy ACE, Hummel and Dreyer, vacancy peak, pre-equilibrium capillary zone electrophoresis, frontal analysis and frontal analysis continuous CE, [2] [3] [4] [5] has contributed to the versatility of ACE.
Mobility shift ACE appears to be the most widely used format, being well suited for low-to-medium affinity systems characterized by fast on-and-off kinetics. A mobility shift assay is usually performed by adding one of the interacting partners, the ligand, to a background electrolyte in various concentrations, followed by the introduction of a short sample plug containing the other species, the analyte, and a non-interacting neutral marker molecule into the capillary and subsequent application of voltage. Quantitation of the interaction strength (complex stability) is done by measuring the shift in the mobility of the analyte as a function of the concentration of the ligand added to the background electrolyte. The nature of the ligand may vary considerably from low-molecular-weight substances, such as drugs, small peptides, and cyclodextrins, to high molecular weight proteins, polymers, and molecular aggregates, e.g. micelles, microemulsion droplets or liposomes. [3] [4] [5] [6] [7] [8] Depending on the nature of the constituent added to the background electrolyte, the data analysis procedure may vary. The background electrolyte including the ligand may be considered as a homogenous solution (mobility shift ACE) or as a two-phase system, the additive (ligand) constituting the pseudo-stationary phase. In the latter case, the approach may be termed affinity electrokinetic chromatography (EKC), and retention factors are employed in the analysis of data. Spurred by the recent appearance of a number of papers [9] [10] [11] [12] advocating an erroneous use of the retention factor concept in capillary electrophoretic affinity studies, it was considered timely to summarize the procedures and assumptions made when using the EKC approach in affinity studies. Also, the similarities and dissimilarities with the closely related mobility shift ACE are briefly discussed.
Discussion
Incorrect use of retention factors has rather recently appeared in a series of capillary electrophoretic affinity studies, [9] [10] [11] [12] due to the direct adoption of the well-known expression for calculating the retention factor (k = (tr -t0)/t0) in liquid chromatography. In the following, the development of equations for obtaining the retention factor in electrokinetic chromatography, and proper uses hereof are summarized along with the inappropriateness of the procedures in references [9] [10] [11] [12] demonstrated in an attempt to avoid their spread in separation sciences.
Terabe and coworkers [13] [14] [15] [16] introduced micellar electrokinetic chromatography and described the migration behavior of electrically neutral and charged analytes in the presence of a pseudo-stationary phase. Using a phenomenological approach and electrophoretic mobilities, rather than linear velocities, as done by Terabe and coworkers, relations between the analyte migration behavior and the distribution coefficient can be derived. 17, 18 The effective electrophoretic mobility of an analyte, μA, will be determined by the fraction of time spent in each of the two phases and may be described by
where xaq (= naq/(naq + nps)) and xps (= nps/(naq + nps)) are the mole 
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where nps and naq are the amounts of substance present in the pseudo-stationary and aqueous phases, respectively, Vps/Vaq is the phase ratio determined by the volumes of the pseudostationary (Vps) and aqueous (Vaq) phases, respectively, and K is the distribution coefficient. Insertion of the retention factor into Eq. (1) gives
which can be rearranged to
The determination of the affinity of an analyte for a particular pseudo-stationary phase in terms of the distribution coefficient requires knowledge of the phase ratio. The volume of the pseudo-stationary phase can be calculated as
where ν, Vtotal, CL, and CAC are the partial molar volume of the ligand additive, the total volume of the combined phases, the total ligand concentration (often a surfactant), and the critical aggregation concentration. For a micellar system the CAC would be the critical micelle concentration. Taking the total volume as the sum of Vps and Vaq, the phase ratio can be calculated which upon insertion into Eq. (2) provides
Various means for obtaining the partial molar volume of the additive as well as the critical aggregation concentration have been applied, 13, [19] [20] [21] [22] [23] and references cited therein. It is evident from above that the retention factor is instrumental for determining the distribution coefficient. Attention, however, needs to be drawn to fact that the retention factor cannot be used in the very same way as in liquid chromatography.
Neglect of this point is the primary misconception in the aforementioned papers, 9-12 even though this difference was emphasized in early works on micellar electrokinetic chromatography. 13, 18 The retention factor in electrokinetic chromatography can be expressed in terms of migration times, which are related to the electrophoretic mobilities by
where lc, ld, V, t and teof are the total length of the capillary, the length of the capillary to the point of detection, the applied voltage, the peak appearance times of the substance/structure detected and the electroosmotic flow, respectively. From Eqs.
and (7) the following expression can be obtained
where tA, t0, and tps represent the migration time of the analyte in the presence and absence of the pseudo-stationary phase and the migration time of the pseudo-stationary phase, respectively. For the special case where the analyte is electrically neutral (μ0 = 0) Eq. (9) can be obtained
In contrast to neutral analytes, a separate experiment without the pseudo-stationary phase present in the background electrolyte is required for charged analytes in the determination of μ0 (t0) and subsequent calculation of the retention factor. It is readily apparent that these expressions (Eqs. (8) and (9)) are not equivalent with the equation applied in liquid chromatography (k = (tr -t0)/t0). It has to be taken into account that the (pseudo)-stationary phase moves relative to the capillary column. In fact, depending on the charge state of the analytes, negative "k" values may be obtained when attempting to apply the expression that is valid for liquid chromatography in EKC, as previously done. [10] [11] [12] Obviously, this is not possible according to the definition of the retention factor (Eq. (2)). Irrespective, affinity constants were reported based on retention factors calculated as in liquid chromatography.
A number of assumptions have to be met in order for Eqs. (4) and (6) to provide good estimates of the affinity of a solute for a particular pseudo-stationary phase, e.g. micelles, vesicles or liposomes. The most prominent should be briefly mentioned. Methodological restraints common to the mobility shift assays obviously apply, i.e. the UV transparency of the background electrolyte, that one of the interacting species has to be charged, that the equilibrium is dynamical and that side reactions, for instance capillary wall adsorption, do not occur. Further requirements relate to the determination of the electroosmotic flow and the mobility of the pseudo-stationary phase. In the presence of lipophilic additives, a neutral and highly polar species, such as methanol or dimethylsulfoxide, can be used as a non-interacting marker molecule; as regards the latter parameter (μps), a substance exclusively present in the pseudo-stationary phase is needed.
Marker molecules used in micellar, microemulsion, and liposome EKC encompass structures such as dodecylbenzene, decanophenone, dodecylbenzoyl propionic acid or Sudan III. 13, [24] [25] [26] Alternatively, the mobility of the pseudo-stationary phase may be found by an iteration procedure, as described by Muijselaar et al. 27 Prior to calculating the electrophoretic mobilities to be inserted into Eq. (4), changes in the viscosity of the background electrolyte and possible complexation with surfactant monomers due to addition of the pseudo-stationary phase have to be considered and corrected for. 17, [28] [29] [30] [31] Usually the analyte and marker molecule concentrations used in EKC are kept low in order to comply with the assumption that the mobility of the pseudo-stationary phase is not affected by interaction with these molecules. The presence of a solute in the pseudo-stationary phase, however, may affect the structural properties of the phase, and thus both the solute distribution and electrophoretic migration. Consequently, the distribution phenomena and the derived distribution coefficients may be dependent on the applied analyte concentration. To address this issue, Katsuda and Saitoh 32 developed a modified micellar EKC method where the analyte is present in the
background electrolyte, but not in the sample. This approach allowed for determination of the distribution coefficient, while considering the influence of the analyte on the micellar structure. 32 More elaborate discussions on the prerequisites of mobility shift affinity CE and EKC can be found elsewhere. 3, 6, 8, [29] [30] [31] 33 Having established the equations appropriate for affinity EKC studies as well as the fundamental practical concerns in brief, it may be timely to ask when it is advantageous to apply EKC instead of the ACE approach. Neubert et al. referred to the two closely related approaches, as the partition (distribution) and the association model, respectively. 7 The distribution model takes its outset in the Nernst partitioning law and the association model in the law of mass action. In the most simple case, allowing only 1:1 interactions, the following relations apply for the analyte A and the ligand L:
where KA is the complex constant (stability constant) and [A], [L] , and [AL] are the molar concentrations of the analyte, ligand, and formed complex, respectively. Analogous to Eq.
(1), the effective mobility of the analyte, μA, may be described as
which upon combination with Eq. (11) can be rearranged to
where μAL is the electrophoretic mobility of the complex. In the association model the affinity system is considered to consist of a single phase only (homogeneous equilibria). Equation (13) can be utilized for determining the affinity constant and μAL by non-linear regression analysis. Thus, in contrast to the EKC approach, knowledge of the electrophoretic mobility of the complexed species is not required. It may not be justified to discuss the procedures in detail. [9] [10] [11] [12] However, interestingly, the additives constituting the pseudo-stationary phase were proteins or RNA (unlike the usual micellar, microemulsion, and liposome systems). In a CE context, solutions of proteins are most often considered as genuine solutions. Proteins and various other types of ligands, e.g. metal ions, peptides and cyclodextrins, are often saturable, implying that only a limited number of analyte molecules may interact with the ligand structure. In such cases, use of the EKC approach may be inconvenient, since the law of partitioning presumes a linear relationship between the concentration of the analyte in the aqueous and ligand phases (when activity coefficients can be assumed to be unity). The point made is that for each affinity study the investigator should estimate whether the affinity system is better described by a model based on the law of mass action or by Nernstian distribution. This may not be trivial; drug-bile salt micelles constitute a borderline case to which both models have been applied. 21 For the sake of completeness, it has to be mentioned that some authors 7, 31 prefer to define a "retention factor" for homogeneous affinity systems in relation to ACE as well:
----- 
In principle, the above equation can provide the equilibrium affinity constant from two experiments only; however, in practice, for many binding systems it is difficult to obtain an accurate measure of μAL and thus Eq. (15) may be of little practical use. Note that Eq. (15) is readily rearranged to Eq. (13) . It can be argued that the retention factor is not as useful for affinity systems obeying the law of mass action as for twophase systems.
Conclusions
In conclusion, prompted by a number of papers [9] [10] [11] [12] appearing in the literature proposing an incorrect use of retention factors for affinity systems, where the ligand added to the background electrolyte solution constitutes a pseudo-stationary phase (EKC), the present communication has summarized the procedures for conducting mobility shift ACE studies. It is emphasized that the expression used for calculating the retention factor in liquid chromatography cannot be applied directly in EKC. Taking adequate theoretical and practical precautions, including selection of the optimal affinity model, mobility shift ACE constitutes an efficient platform for conducting molecular interaction studies.
